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a b s t r a c t
A comparative approach was used to evaluate the cryosurvival of turkey and crane sperm
frozen in a dimethylacetamide (DMA) cryodiluent supplemented with osmoprotectants
and ATP. A range (6–26%) of DMA concentrations was used alone or in combination with
ATP (30, 60 or 118mM) or one of the following osmoprotectants: (1) sucrose (turkey, 8.0%;
crane, 5.0%); (2) 5.0% sucrose and 5.0% trehalose; or (3) betaine hydrochloride (0.1, 0.2
or 0.4mM). The viability of thawed sperm was assessed using the nigrosin–eosin stain
and sperm motility was determined using the hanging-drop technique. For semen frozen
only with DMA, post-thaw sperm motility was greatest (P<0.05) for the 6.0%, 10.0% and
18% concentrations, regardless of species. Turkey sperm frozen with the sucrose/trehalose
combination had greater (P<0.05) post-thaw motility for all DMA treatments compared to
DMA alone. The lowest concentration of the osmoprotectant betaine hydrochloride sub-
stantially improved turkey sperm viability post-thaw in all treatments compared to DMA
alone (P<0.05). The post-thaw motility of crane sperm was improved (P<0.05) with a
combination of 18.0%, 24.0% or 26.0% DMA and 30mM ATP. Moreover, in the presence
of osmoprotectants, crane sperm motility decreased as the osmoprotectant concentration
increased. The lowest concentration of ATP also improved crane sperm viability post-thaw,
especially forDMAconcentrations 18%or greater. The combination of sucrose and trehalose
improved (P<0.05) crane sperm viability only with 6% and 10% DMA. These data affirm that
there are avian-specific differences in sperm survival after cryopreservation and suggest
that post-thaw survival can be enhanced by including species-based osmoprotectant/ATP
combinations in a cryodiluent where DMA is the cryoprotectant.
Published by Elsevier B.V.
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and the Aquila Foundation.
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1. Introduction
Despite decades of extensive research on the use of
permeating cryoprotectants (Sexton, 1975; Oderkirk and
Buckland, 1977; Sexton, 1980; Tselutin et al., 1999; Blanco
et al., 2000; Tai et al., 2001; Chełmon´ska et al., 2006;
Kowalczyk, 2008), survival of avian sperm after freez-
ing/thawing procedures remains highly variable. Sperm
cryosurvival has been improved in various mammalian
0378-4320/$ – see front matter. Published by Elsevier B.V.
doi:10.1016/j.anireprosci.2010.12.005
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species by combining permeating cryoprotectants, like
dimethylacetamide (DMA), with natural osmoprotectants
that do not penetrate the plasma membrane, such as
sucrose or trehalose (bull, Woelders et al., 1997; rabbit,
DalimataandGraham,1997;mouse, Thompsonet al., 2001;
goat, Aboagla and Terada, 2003; dog, Yamashiro et al.,
2007; boar, Gutiérrez-Pérez et al., 2009). The combina-
tion of permeating cryoprotectant and non-permeating
osmoprotectant protects cryopreserved cells by different
mechanisms. Penetrating cryoprotectants increase mem-
brane fluidity through rearrangement of membrane lipid
and protein, resulting in greater dehydration at lower tem-
peratures and reduced intracellular ice formation (Holt,
2000). In contrast, osmoprotectants are low molecular
weight, hydrophilic, nontoxicmolecules thathelpa cell sta-
bilize its concentration of internal solutes under osmotic
stress (Cleland et al., 2004). Because of the inability to dif-
fuse across the plasma membrane, these non-permeating
substances create an osmotic pressure that lowers the
freezing temperature of the medium and decreases extra-
cellular ice formation (Aisen et al., 2002), therebyproviding
an additive protective effect.
Most living organisms respond to osmotic stress by
producing osmoprotectants or compatible solutes that
help the cell’s cytoplasm maintain an equivalent osmotic
pressure with the external environment while avoid-
ing greater intracellular salt concentrations (Csonka and
Hanson, 1991). For example, trehalose is synthesizedwhen
unicellular organisms are exposed to heat, cold, oxida-
tion or desiccation. To date, this sugar has not been
found in higher vertebrates (Jain and Roy, 2009) and
its utility for cryopreserving avian sperm has not been
examined; although sucrose has received some attention
as an osmoprotectant for avian sperm (Sexton, 1975).
Betaine is another natural osmoprotectant found in many
bacteria (Lippert et al., 1993) that effectively reduces
leakage from liposomes during freeze-thawing (Lloyd
et al., 1994). The cryoprotective properties of betaine
hydrochloride have been demonstrated for ram (Sánchez-
Partida et al., 1992), stallion (Trimeche et al., 1999) and
bull (Zhang et al., 2001) sperm, but not yet for avian
species.
Another innovation recently considered is the addition
of adenosine triphosphate (ATP) to the cryodiluent. The
freeze/thaw cycle damages both avian sperm structure and
function, largely the processes required for energeticmain-
tenance including glycolysis, the citric acid cycle and the
respiratory chain (Ochkur et al., 1994). Assuming that ATP
depletion may occur during the re-warming phase (Holt
et al., 1992)and that incorporationof exogenousATPoccurs
coincident with membrane structural rearrangements, the
potential of supplemental ATP improving the viability of
thawed sperm seems plausible. In fact, extracellular ATP
increases themotilityand fertilityof frozen/thawedmurine
(Rodríguez-Miranda et al., 2008) and human (Edwards
et al., 2007) sperm.
Based on known differences in the osmotic tolerance
of turkey and crane sperm (Blanco et al., 2008), these two
species were used in the present study to further delin-
eate species-specific sensitivity to sperm cryopreservation
while exploring the possible benefits of supplemental ATP
Table 1
Components of crane sperm cryodiluent (pH 6.65; 371mOsm; Blanco
et al., 2008).
Component Amount/100mL
distilled H2O (g)
Molar
equivalent
d-Fructose 1.15 63.8mM
Sodium glutamate 2.1 112.1mM
Polyvinylpyrrolidone 0.3 8.3M
Betaine hydrochloride 0.2 13.0mM
Potassium acetate 0.5 50.9mM
and various non-permeating osmoprotectants in a DMA-
based cryodiluent.
2. Materials and methods
2.1. Species/animals used and semen collection
Sexually mature turkeys (Meleagris gallopavo; n=40)
were housed indoors in floor-pens (10males/pen) and
maintained under an artificial photoperiod (14h L:10h
D) at the Beltsville Agricultural Research Center. Sandhill
cranes (Grus canadensis; n=13) were part of a captive pop-
ulation at the Patuxent Wildlife Research Center, and all
semen donors were paired with sexually active females
with a history of reproductive success. Crane pairs were
kept under natural photoperiod in breeding facilities con-
sisting of 300m2 pens with barriers to avoid visual contact
between pairs. Semen was collected from males of both
species twice a week using the massage method (Quinn
and Burrows, 1937), with specific modifications for cranes
(Gee and Temple, 1978; Gee, 1983), and ejaculates on a
given day were pooled before transport to the laboratory.
Semen was maintained at room temperature until dilution
for cryopreservation.
2.2. Cryodiluent composition and treatments
Turkey and crane semen were diluted with different
extenders based on known species-specific requirements
for extender components and osmolality (Sexton, 1979;
Gee and Mirande, 1996; Blanco et al., 2008). The base cry-
odiluent for turkey semen was Beltsville Poultry Semen
Extender (BPSE; Continental Plastic Corporation, Delavan,
WI) modified by adjusting the osmolality to 310mOsm.
Components for the base crane cryodiluent (Blanco et al.,
2008) are shown in Table 1. For each species, cryodiluents
containing one of five DMA concentrations (6%, 10%, 18%,
24% and 26%) were compared with and without ATP or
osmoprotectants. The ATP concentrations that were eval-
uated were the equivalent of 1.5%, 3.0% and 6.0% or 30, 60
and 118mM, respectively. The osmoprotectants sucrose,
trehalose and betaine hydrochloride were evaluated at the
following final concentrations: (1) sucrose (8% or 0.2M,
turkey; 5% or 0.1M, crane); (2) 0.1M sucrose and 0.1M
trehalose combined (both species); and (3) 0.1, 0.2 or 0.4M
betaine hydrochloride (both species). Based onpreliminary
data, a higher concentration of sucrose was used for turkey
sperm treatments than crane sperm treatments (Blanco
et al., unpublished data). Stock solutions of each cryo-
diluent were prepared to yield these final concentrations
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basedupon species-specific semendilutions in turkey (1:1;
Sexton, 1976) and crane (1:2; Gee and Mirande, 1996). For
example, the final concentration of the 6% DMA/100mM
betaine hydrochloride treatment would use a stock solu-
tion of 12% DMA/200mM betaine hydrochloride for turkey
sperm and 18% DMA/300mM betaine hydrochloride for
crane sperm. A total of 45 cryodiluent treatment combi-
nations were evaluated for each species. Unless specified
otherwise, all chemicals were obtained from Sigma Aldrich
(St. Louis, MO).
2.3. Semen cryopreservation and thawing
Pooled turkey or crane semenwas aliquoted anddiluted
1:1 and 1:2, respectively, with 1 of the 45 cryodiluent
treatments and equilibrated for 25min at room temper-
ature (25 ◦C), followed by a 15min equilibration at 4 ◦C.
Cooled semen (100L volume) was packaged into 0.5mL
cryovials and cryopreserved using a programmable freezer
(Model 2100; Custom Biogenic Systems, Romeo, MI) and
the following freezing rates: 1 ◦C/min from +4 ◦C to −20 ◦C,
followed by 2.5 ◦C/min from −20 ◦C to −80 ◦C. Upon reach-
ing −80 ◦C, cryovials were plunged into liquid nitrogen.
Frozen semen was stored for a minimum of 4week before
being thawed for evaluation. Cryovials were placed in a
+4 ◦C icewater bath for 5min to thaw. Semen cryopreser-
vation trials were run in duplicate for each species and
treatment.
2.4. Sperm motility and viability assessment
Sperm motility was evaluated using the hanging drop
method (Wishart and Wilson, 1997) and phase contrast
microscopy (Zeiss Axiolab; Carl Zeiss, Inc., Thornwood,
NY). In brief, 20L of thawed semen was diluted 1:2 with
motility buffer (Froman and McLean, 1996) and warmed
to 41 ◦C for 5min before observation. Sperm viability was
assessed in diluted suspensions from both species using
the nigrosin–eosin live/dead stain combination (Gee and
Mirande, 1996). Slides were evaluated microscopically
using 40× magnification. Live, membrane-intact sperm
were clear in appearance, whereas dead sperm stained red
to purple. A total of 200 sperm were assessed per slide.
2.5. Statistical analysis
Within species, one factor and multifactor ANOVA (SAS
version 9.2; SAS Institute, Inc., Cary, NC) was performed,
and the a priori determined significance level was <0.05.
Data were tested for normality using the Shapiro–Wilk
test. Values reported are non-transformed and means are
expressed as SEM.
3. Results
3.1. Post-thaw sperm motility
The post-thaw motility of turkey and crane sperm
frozen only with DMA was greater (P<0.05) in the 6%, 10%
and 18% treatments than the 24% or 26% treatments, with
motility ranging from 0% to 18% for turkey and 20% to 39%
for crane sperm. Inclusion of sugars as osmoprotectants
in the cryodiluent improved (P<0.05) post-thaw motil-
ity of turkey sperm (Fig. 1). In particular, the post-thaw
motility of turkey sperm in the combined sucrose/trehalose
treatments was greater (P<0.05) for all DMA concentra-
tions; while this benefit occurred only at the 6% and 10%
DMA concentrations with sucrose alone (Fig. 1). Only the
lowest concentration of betaine hydrochloride (0.1M) or
ATP (30mM) improved (P<0.05) post-thaw turkey sperm
motility, and only at lower DMA (6%, 10% for betaine
hydrochloride; 10% for ATP) concentrations (Fig. 2).
Crane sperm differed in post-thaw motility response
in the presence of the osmoprotectants and extracellular
ATP. Neither sucrose nor the sucrose/trehalose combi-
nation improved the post-thaw motility of crane sperm
(range, 20–26%) above the DMA controls (range, 22–25%;
P>0.05). Similarly, noneof thebetainehydrochloride treat-
ments improved post-thaw motility of crane sperm (range,
18–21%; P>0.05). In complete contrast to turkey sperm,
Fig. 1. Comparative increase in turkey sperm motility after thawing conferred by the addition of 8% sucrose or the combination of sucrose and trehalose
(5% each). Within dimethylacetamide (DMA) concentration, different superscripts indicate that means differed (P<0.05). Note: Sperm motility was 0% in
the 26% DMA control.
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Fig. 2. Influence of supplemental betaine hydrochloride or ATP on post-thaw motility of turkey sperm. Within dimethylacetamide (DMA) concentration,
different superscripts indicate that means differed (P<0.05). Note: Sperm motility was 0% in the 26% DMA control.
the greatest (P<0.05) post-thaw motility was observed in
crane sperm frozen with a combination of 24% DMA and
30mM ATP (Fig. 3). Significant increases in crane sperm
motility also were observed after the addition of 30mM
ATP at DMA concentrations ranging from 18% to 26% com-
pared to the control (P<0.05).
3.2. Post-thaw sperm viability
Table 2 depicts the post-thaw viabilitymeans for turkey
sperm. When frozen with DMA alone, turkey sperm viabil-
ity ranged from 11.5% to 32.5%, with the greatest number
of viable sperm observed for the 18% treatment and the
least measured in the 26% treatment (P<0.05). The addi-
tion of sucrose or sucrose/trehalose did not improve sperm
viability above theDMAcontrols (P>0.05).With the excep-
tion of the 30mM ATP/24% DMA treatment, the inclusion
of ATP either maintained (P>0.05) or decreased (P<0.05)
sperm viability compared to DMA controls. Interestingly,
the use of 0.1M betaine hydrochloride in the cryodiluent
improved (P<0.05) the post-thawviability of turkey sperm
for all DMA treatments. Moreover, the greatest post-thaw
viability (47.0±1.0%) was observed for the 24% DMA treat-
ment containing 0.1M betaine hydrochloride, nearly a 15%
increase above the highest post-thawviabilitymeasured in
the DMA controls (32.5±1.5%).
The response of thawed crane sperm viability differed
fromthatof the turkey. For the crane, thehighestpost-thaw
viability (77±3%) was observed in the 26% DMA control,
with no enhancement (P>0.05) offered by any osmopro-
tectant or ATP treatment above the 26% DMA control
(Table 3). For the sucrose and sucrose/trehalose treat-
ments, post-thaw sperm viability improved in the 6–18%
DMA treatments compared to the 6–18% DMA controls
(P<0.05); however, the greatest number of viable sperm
was only 69.0±2.5%. At all concentrations tested, betaine
hydrochloride improved (P<0.05) post-thaw sperm viabil-
ity over somecorrespondingDMAcontrols, but thegreatest
percentage of viable sperm in any betaine hydrochlo-
ride treatment (0.1M and 24% DMA, 70±3%) was still
lower than that observed with 26% DMA alone. Addi-
tion of 30mM ATP improved sperm viability (P<0.5) for
all DMA treatments compared to the corresponding DMA
controls, especially 18% (no ATP, 46.9±1.5; 30mM ATP,
78.0±3.5%) and 24% DMA (no ATP, 60.0±1.5; 30mM
ATP, 77.0±3.5). Addition of 60 or 118mM ATP gener-
ally was not beneficial for crane sperm viability post-thaw
(Table 3).
Fig. 3. Influenceof supplementalATPonpost-thawmotility of crane sperm.Withindimethylacetamide (DMA) concentration, different superscripts indicate
that means differed (P<0.05).
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Table 2
Influence of cryodiluent composition on post-thaw viability of turkey sperm.
Dimethylacetamide
(DMA; %)
Control
(DMA only)
Sucrose Sucrose/
trehalose
ATP
(30mM)
ATP
(60mM)
ATP
(118mM)
Betaine
(0.1M)
Betaine
(0.2M)
Betaine
(0.4M)
6 22.0 ± 3.0a 23.0 ± 2.5a 27.5 ± 2.0a 20.0 ± 1.0a 18.5 ± 1.5a,b 15.5 ± 1.5b 32.5 ± 1.5c 19.0 ± 1.0a,b 33.5 ± 2.5c
10 26.0 ± 2.0a 24.0 ± 2.0a 27.5 ± 2.0a 30.5 ± 2.5a 29.5 ± 2.0a 14.0 ± 1.0b 33.5 ± 2.5c 25.0 ± 3.0a 27.0 ± 2.0a
18 32.5 ± 1.5a 39.0 ± 2.5a 31.5 ± 2.5a 32.0 ± 2.0a 34.5 ± 1.5a 17.5 ± 2.5b 41.5 ± 1.5c 34.0 ± 2.0a 35.5 ± 2.5a
24 26.0 ± 4.0a 20.5 ± 3.0a 24.5 ± 3.0a 36.0 ± 3.0b 32.0 ± 2.0a 15.0 ± 1.0c 47.0 ± 1.0d 15.5 ± 2.5c 27.0 ± 3.0a
26 11.5 ± 2.5a 12.0 ± 1.0a 18.0 ± 2.5a 4.5 ± 1.5b 12.0 ± 2.0a 7.0 ± 1.5a,b 45.0 ± 2.0d 24.0 ± 1.0c 29.0 ± 1.0c
a–c: within rows, different superscripts indicate that means differed (P<0.05).
4. Discussion
A milestone in reproductive science was the discovery
of the beneficial effects of the permeating agent glycerol
for protecting fowl sperm during cryopreservation (Polge,
1951). Ironically, it was later determined that glycerol also
has contraceptive properties at the concentrations needed
to confer cryoprotection (Neville et al., 1971; Sexton, 1975).
This stimulated investigations of alternative permeating
cryoprotectants, with DMA having been described as the
most promising in both domestic (Broerski, 1989) andnon-
domestic avian species (Brock and Bird, 1991). Even so, it
has appeared that DMA often yields mixed results in post-
thawsurvivalofbird sperm.Thepresent studyhasprovided
one reason – variability between species in sensitivity and
responsiveness to the protective capacities of DMA. For
example,wedemonstrated that lowerDMAconcentrations
(10–18%) provided more cryoprotection for turkey sperm,
whereas substantially higher levels (26%) were necessary
for crane sperm.
Weare strong advocates for this cross-species compara-
tive approach in understanding themechanisms regulating
cell sensitivity to low temperatures. In an earlier study,
remarkable variations among domestic fowl and three
birds of prey to osmotic stress were elucidated (Blanco
et al., 2000). Sperm from raptor species (imperial eagle,
peregrine falcon, golden eagle) were much more toler-
ant of hyperosmotic conditions than sperm from poultry
species (chicken, turkey). Likewise, a more recent study
revealed that sperm from the sandhill crane were vastly
more tolerant to osmotic stress than the same cells from
the common turkey (Blanco et al., 2008). These differences
amongspecies arenodoubt related toa combinationofnat-
ural evolutionary differences and selection pressures over
time. Whatever the origin, clearly the less osmo-tolerant
turkey sperm benefit the most from the supplementation
withosmoprotectants. Thenatural osmoprotectants exam-
ined here have been studied previously by others (Zhang
et al., 2001;Aboagla andTerada, 2003; Edwards et al., 2007;
Gutiérrez-Pérez et al., 2009) with the presumption that
they somehow stabilize cellular membranes (Rudolph and
Crowe, 1985).
Normal processes associated with cryopreservation
such as dehydration and ice crystal formation can cause
cracks in and/or lysis of membranes. Lower organisms
have evolved to address this instability naturally through
the production of osmoprotectants, like trehalose, that
prevent fusion of the phospholipid vesicles within the
plasma membrane (Rudolph and Crowe, 1985; Aisen et al.,
2002). Dalimata and Graham (1997) first discovered that
trehalose added to a DMA-based freezing medium could
prevent significant damage incurred by freezing sperm of
a higher mammal (in this case, the rabbit). The current
study revealed that a benefit to turkey sperm motil-
ity was extended by sucrose alone, but a more superior
response was achieved in the presence of the combination
of trehalose and sucrose. The effect, however, was DMA-
concentration dependent (18% being most desirable) and
this advantage was not conferred to turkey sperm viabil-
ity after thawing. Interestingly, this discordance between
sperm motility and viability in response to trehalose also
has been reported for bull sperm (Chen et al., 1993). In this
previous study, it was speculated that, even though the
plasma membrane was damaged, the motility generating
apparatuswas still functional and could support bull sperm
motility because exogenous substrates could pass through
the ‘leaky’ membrane. This seems a plausible explanation
for the improvement in turkey sperm motility without a
subsequent increase in viability in the present study. Other
theories postulate that the additive benefits of trehalose
stems from the formation of hydrogen bonds between the
sugar hydroxyl groups and the phospholipid polar head
groups (Crowe and Crowe, 1985), which provokes a sub-
stitution for water molecules under dehydrated conditions
that would protect cells from the effects of hypertonic-
ity more efficiently than sucrose alone. In the crane, the
benefits of sugar osmoprotectants on sperm viability were
seen only at lower DMA concentrations. The lack of osmo-
Table 3
Influence of cryodiluent composition on post-thaw viability of crane sperm.
Dimethylacetamide
(DMA; %)
Control
(DMA only)
Sucrose Sucrose/
trehalose
ATP
(30mM)
ATP
(60mM)
ATP
(118mM)
Betaine
(0.1M)
Betaine
(0.2M)
Betaine
(0.4M)
6 35.0 ± 1.0a 43.0 ± 1.5b 57.5 ± 2.0b 58.5 ± 1.0b 43.5 ± 2.5b 34.5 ± 2.5a 44.5 ± 1.5b 48.0 ± 1.0b 35.5 ± 2.5a
10 48.5 ± 5.0a 54.0 ± 2.0a 67.5 ± 3.0b 65.0 ± 2.5b 35.0 ± 2.0c 29.0 ± 1.0c 55.5 ± 1.5a 51.5 ± 1.5a 50.0 ± 1.5a
18 46.0 ± 1.5a 69.0 ± 2.5b,c 61.5 ± 1.5b,c 78.0 ± 3.5b,c 54.0 ± 1.0b 21.0 ± 3.0d 46.5 ± 2.5a 56.5 ± 1.5b 61.5 ± 2.5b
24 60.0 ± 1.5a 60.5 ± 3.0a 54.5 ± 2.0a 77.0 ± 3.0b 65.0 ± 2.0a 33.0 ± 3.0c 70.0 ± 3.0b 59.5 ± 2.5a 58.0 ± 2.5a
26 77.0 ± 3.0a 72.0 ± 1.0a,b 68.0 ± 1.5b 73.5 ± 3.5a 55.5 ± 0.5c 40.5 ± 8.5d 69.5 ± 1.5b 60.0 ± 3.0c 54.5 ± 0.5c
a–c: within rows, different superscripts indicate that means differed (P<0.05).
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protectant effect at higher DMA concentrations could be
explained in terms of critical sperm osmolality ranges.
Supplementing with both sucrose and trehalose proba-
bly increased the osmolality of the extracellular medium,
whichwas tolerated by crane sperm at lower DMA concen-
trations. It is possible that when the DMA concentration
increased, the parallel elevation in osmolality entered the
critical range for crane sperm, thereby reducing sperm via-
bility. Our earlier finding of a naturally low osmotolerance
of turkey sperm to hypertonicity (Blanco et al., 2008) sup-
ports this theory.
Cooling rate also may have been a factor influencing the
greater viability in crane compared to turkey sperm in the
presence of sugars and the lower DMA concentration. It is
well established that sucrose and trehalose confer themost
cryoprotection during fast cooling events. Previous stud-
ies indicate predilection of crane sperm for slower cooling
likely is due to a lower water permeability coefficient com-
pared to turkey sperm (Blanco et al., 1999). Therefore, we
suspect that the presence of these sugars assists in sustain-
ing attenuated membrane permeability in the presence of
rapid water efflux that threatens to disrupt cellular form
and function. The lack of a ‘sugar effect’ with turkey sperm
may be related to lower membrane sensitivity to cooling
rate.
Supplementing turkey sperm with 0.1M betaine
hydrochloride produced the best post-thaw viability, even
with the greater (24%) DMA concentration. While betaine
hydrochloride also was beneficial for crane sperm viabil-
ity (at 0.1 or 0.2M), the effect was exerted at the lower
DMA concentrations (6–18%). Thus, our findings revealed
that the interactive benefit between a cryoprotectant and
natural osmoprotectant was conserved between two bird
species, but different in terms of concentration depen-
dency. It also was important that we demonstrated the
value of betaine hydrochloride on the more holistic assess-
ment of ‘sperm viability’ as previous studies (in mammals)
have only examined the impact of betaine hydrochloride
on sperm motility (Sánchez-Partida et al., 1992; Trimeche
et al., 1999; Zhang et al., 2001).
Extracellular ATP occasionally has been used in human
fertility cases, mostly to improve post-thaw viability
in patients experiencing pre-freeze motility compromise
(Edwards et al., 2007). Mouse studies have suggested that
the mechanism of action is that extracellular ATP induces a
rapid increase in intracellular calcium concentrations that
facilitate hyperactive motility (Rodríguez-Miranda et al.,
2008). Interestingly, this type of supplementation had a
significant positive impact on crane but not turkey sperm.
This, in turn, may explain one of the reasons for failed
post-thaw viability in crane gametes that have this unusu-
ally highly permeable plasma membrane. That trait could
be resulting in excessive ATP leakage and depletion of
intracellular stores that is mitigated by extracellular sup-
plementation. Post-thaw ATP concentrations have been
correlated positively with bull sperm motility, and dead
sperm have no ATP (Soderquist and Larson, 1985). This
issue also has arisen in studies of ram sperm cryopreser-
vation; specifically these cells being poorly permeable
for extracellular ATP uptake until the thawed membrane
reaches a temperature that causes appropriate structural
rearrangements to facilitate diffusion (Holt et al., 1992).
Although the present study was not designed to examine
thismechanism, it is noteworthy that our post-thawmotil-
ity evaluationswere conducted at an elevated temperature
of 21 ◦C.
Cryopreservation of living germplasm for the purpose
of storing and then rejuvenating the male genome for
propagation is one of the most complex challenges in
reproductive science and animal management. One pri-
ority is to continue to build on fundamental knowledge
about these processes in well-studied domestic fowl to
further enhance contemporary protocols and production
efficiency. Equally important is determining how to apply
this methodology to the hundreds of rare bird species that
could benefit in terms of genetic management and con-
servation (Blanco et al., 2000; Saint Jalme et al., 2003;
Umapathy et al., 2005), as cryopreservation protocols
may not be transferred successfully from domestic to
non-domestic avian species. Indeed, the present study
identified species-specific differences of the cryoprotec-
tant DMA in combination with natural osmoprotectants
and supplemental ATP on the cryosurvival of bird sperm. In
summary, the non-permeating osmoprotectants sucrose,
trehalose and betaine hydrochloride did not increase
crane sperm cryosurvival (e.g. motility, viability); whereas
inclusion of 30mM ATP generally improved the post-
thaw viability and motility of crane sperm at greater
DMA concentrations. Form these data, it is evident that
ATP is the only supplement evaluated that benefits the
cryosurvival of crane sperm. For the turkey, inclusion
of the natural cryoprotectant betaine hydrochloride was
extremely beneficial for sperm viability and motility post-
thaw. Further, it is highly likely that a combination of
10–18% DMA, sucrose/trehalose, 0.1M betaine hydrochlo-
ride and/or 30mM ATP will enable turkey sperm to better
withstand the freeze/thaw process. Findings in the present
study confirm that each bird species of interest will require
significant amounts of basic research to develop successful
sperm cryopreservation protocols.
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